We hypothesized that activation of angiogenesis by chronic hypoxia may affect vascular resistance and, subsequently, blood pressure levels in spontaneously hypertensive rats (SHRs). Five-week-old prehypertensive SHRs and age-matched normotensive Wistar-Kyoto (WKY) rats (nϭ8 per group) were maintained under normobaric normoxic or hypoxic (10% O 2 ) conditions for 8 weeks. Three weeks later, the systolic blood pressure was lower by 26% in hypoxic SHRs compared to normoxic SHRs (PϽ0.05) and remained at the normoxic WKY level. Total peripheral vascular resistance, calculated as the mean arterial pressure/cardiac output (assessed by ultrasound imaging and Doppler), was 30% lower in hypoxic than in normoxic SHRs (PϽ0.001) and returned to WKY levels. Interestingly, chronic hypoxia also significantly reduced systolic blood pressure in adult 12-week-old SHRs with established hypertension; blood pressure was normalized (versus normoxic WKY rats) after 4 weeks of hypoxia. Changes in hemodynamic parameters were associated with activation of proangiogenic pathways. Protein levels of vascular endothelial growth factor (VEGF)-A in the skeletal muscles were increased by 2.2-fold in hypoxic compared to normoxic SHRs (PϽ0.001). At the end of the hypoxic period, capillary density in the quadriceps muscle was 1.2-fold higher in hypoxic than in normoxic SHRs (PϽ0.001). Myocardial capillary density and VEGF-A protein contents were also 1.2-and 2.1-fold higher in hypoxic compared to normoxic SHRs (PϽ0.001 and PϽ0.05, respectively). Moreover, treatment with neutralizing VEGF-A antibody abrogated the hypoxia-induced angiogenesis and subsequently worsened arterial hypertension. Therefore, our results suggest that chronic normobaric hypoxia (1) activates VEGF-A-induced angiogenesis and thereafter (2) prevents the occurrence of hypertension in young prehypertensive SHRs and (3) normalizes blood pressure in adult SHRs with established hypertension. (Circ Res. 2008;103:761-769.) 
I n most forms of clinical and experimental hypertension, increased arterial blood pressure is associated with microvascular rarefaction and upregulation of peripheral vascular resistances. 1 The cause-and-effect relationships of vascular rarefaction and hypertension are still debated. It is speculated that diffuse systemic rarefaction might be a primary defect in essential hypertension. 2 On the other hand, rarefaction can also represent a downstream consequence, as shown by its occurrence in animal models of secondary hypertension. 3, 4 Microvascular density might decrease because of either vessel destruction or insufficient angiogenesis, ie, growth of new capillaries from preexisting ones. This process proceeds during development and also in adults during physiological and pathological conditions. Abnormally low microvascular density can be seen at a very young age in animals with genetic hypertension 5 and also exists in normotensive humans with a familial predisposition to the disease, 6, 7 indicating that alteration in vessel growth could lead to elevation in the peripheral vascular resistance and subsequently trigger the pathogenesis of hypertension. 2 Hence, one can speculate that changes in proangiogenic related pathways may directly affect blood pressure levels.
Interestingly, epidemiological studies have shown that humans living at high altitude have lower systemic blood pressures than those living at the sea level. 8 -10 Although some metabolic 11 or hormonal 12 modifications have been described, the exact mechanism by which hypoxia prevents the development of hypertension remains largely undefined. We therefore hypothesized that hypoxia may trigger angiogenesis, resulting in reduction of blood pressure levels. Indeed, hypoxia is known to trigger angiogenesis. The main mechanism of hypoxia-induced capillary growth involves the rise in hypoxia-inducible factor (HIF)-1 protein. HIF-1 binds to specific hypoxia-responsive element in the regulatory regions of several hypoxia-sensitive genes, such as vascular endothelial growth factor (VEGF)-A. 13 VEGF-A is then secreted and binds to its cognate receptor tyrosine kinases, Flt-1 and Flk-1/KDR, located on the surface of vascular cells. Receptor ligation triggers a cascade of intracellular signaling pathways that initiate angiogenesis. VEGF-A has been shown, through Flk-1/KDR, to activate endothelial nitric oxide synthase (eNOS)-related pathways, leading to nitric oxide (NO) production. 14 To unravel the link between hypertension and angiogenesis, we analyzed the effect of normobaric hypoxia on blood pressure levels in animals with genetic hypertension. We showed that chronic hypoxia (1) activates VEGF-A-induced angiogenesis and thereafter (2) prevents the occurrence of hypertension in young prehypertensive SHRs and (3) normalizes blood pressure in adult SHRs with established hypertension.
Materials and Methods

Experimental Design
Experiments were conducted according to the French veterinary guidelines and those formulated by the European Community for experimental animal use. All rats were obtained from Charles River (Lyon, France).
Experiment 1
Prehypertensive young SHRs (5 weeks old) treated with or without VEGF-A-neutralizing antibody (3 mg/kg IP, twice a week; Genentech, San Francisco, Calif) and age-matched Wistar-Kyoto (WKY) rats were housed for 3 or 7 weeks under normoxic (standard laboratory conditions, ie, 20.5% O 2 ) or hypoxic (10% O 2 ) conditions (nϭ8 per group). Hypoxic (normobaric) conditions were obtained in a hypoxic chamber (Coy Laboratories), maintained at 25°C and 80% humidity. CO 2 production by the animals was fixed with soda lime and PCO 2 remained at the 0 level in the hypoxic chamber.
Experiment 2
Hypertensive adult SHRs (12 weeks old) were housed under normobaric hypoxic conditions for 8 weeks and then under normoxic conditions for 2 hours or 3 additional weeks before euthanasia. In additional set of experiments, hypertensive adult SHRs (12 weeks old) were housed under hypoxic conditions for 1 week and then under normoxic conditions for 1 additional week before euthanasia. Systolic blood pressure (SBP) was measured weekly in all young and adult conscious rats using a computerized tail-cuff system (BP2000 Visitech Systems). 15 
Ultrasonic Measurements
Anesthetized rats (1.5% isoflurane in 100% O 2 ) were maintained in left lateral decubitus position. The pulmonary artery diameter was then measured between the pulmonary sigmoid valves, using an ultrasound echocardiograph (Vivid 7, GE Medical Systems, Horten, Norway) equipped with a 12-MHz linear transducer. The blood flow was also recorded at the level of the sigmoid valves. Heart rate, peak systolic, and time-averaged mean blood flow velocity were measured with correction of the angle between the long axis of the pulmonary artery and the Doppler beam axis. Calculation of Cardiac Index (CI) (milliliters per minute) was as follow: CIϭ60ϫ{[V mean ]ϫ[ϫ(Dpa/ 2) 2 ]}. V mean is the time-averaged mean blood flow velocity (in centimeters per second) and Dpa is the pulmonary artery internal diameter (in centimeters). Total peripheral resistance (TPR) was then calculated as MBP/COs; MBP is the mean arterial blood pressure, and CIs is the cardiac output normalized to the body surface [body surface (cm 2 )ϭ9.1ϫbody weight 0.66 (g) 16 ].
Microangiography
Vessel density was evaluated by high-definition microangiography at the end of the treatment period, as previously described. 17 Briefly, animals were anesthetized (isoflurane inhalation) and a contrast medium (barium sulfate, 5 g/mL) was injected through a catheter introduced into the abdominal aorta. Images acquired by a digital x-ray transducer were assembled to obtain a complete view of hindlimbs. The angiographic score was expressed as a percentage of pixels per image occupied by vessels in the quantification area. Quantification zone was delimitated by the knee, the edge of the femur, and the external limit of the leg.
Capillary and Arteriole Density
Quadriceps muscle and the heart were dissected and progressively frozen in isopentane solution precooled in liquid nitrogen. Frozen tissue sections (7 m) were incubated with rabbit polyclonal antibody directed against total fibronectin (dilution 1:50; Chemicon International) to identify capillaries or with mouse monoclonal antibody directed against human smooth muscle actin ␣-1 (dilution 1/50; Dako Cytomation) to identify arterioles. Vessel density was calculated in 10 randomly chosen fields (300 to 500 m 2 ) using Histolab software (Microvision, Evry, France).
Reverse Transcription and Quantitative Real-Time PCR
Total RNA was isolated from quadriceps muscle or heart according to the TRIzol reagent protocol (Invitrogen). One microgram of total RNA was reverse-transcribed into cDNA using Superscript III reverse transcriptase (Invitrogen). Real-time PCRs were performed with a GeneAmp 9700 (Applied Systems) in a total volume of 25 L using Platinum SYBR Green qPCR kit (Invitrogen) under the following conditions: 2 minutes at 50°C and 2 minutes at 95°C, followed by a total of 40 cycles of 3 temperature cycles (15 seconds at 95°C, 15 seconds at annealing temperature, see primer compositions below, and 20 seconds at 72°C). To confirm amplification specificity, the PCR products from each primer pair were subjected to melting curve analysis and subsequent agarose gel electrophoresis. Each sample was analyzed in triplicate and the relative expression for each amplicon was calculated by a mathematical method based on the real-time PCR efficiencies 18 using GAPDH as reference. The primers and annealing temperatures were as follow: VEGF-A forward, 5Ј-CGACAGAAGGGGAGCAGAAAGC-3Ј; VEGF-A reverse, 5Ј-CGCACACCGCATTAGGGGCACA-3Ј (annealing 61.6°C); FLK-1 forward, 5Ј-GGCGAATCACTCACACCAGTT-3Ј; FLK-1 reverse, 5Ј-CTCATCCAAGGGCAGTTCATCT-3Ј (annealing 60.5°C); HIF-1␣ forward, 5Ј-CAGCGATATGGTCAATGTATTCAAGT-3Ј; HIF-1␣ reverse, 5Ј-TGGCAGTGACAGTGATGGTAGG-3Ј (annealing 58.4°C); GAPDH forward, 5Ј-AGTGCCAGCCTCGTCTCATA-3Ј; GAPDH reverse, 5Ј-CTTGCCGTGGGTAGAGTCATAC-3Ј (annealing 59.4°C).
Western Blot
Tissue samples (quadriceps muscle and heart) were thawed and homogenized in 500 L of radioimmunoprecipitation assay buffer (150 mmol/L NaCl, 1 mmol/L EDTA, 1% Triton X-100, 1% deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 50 mmol/L Tris, pH 7.4) containing protease inhibitors (Roche). Protein content was then determined by the method of Lowry adapted for SDS containing samples (Bio-Rad). Proteins were separated in denaturing SDS 9% polyacrylamide gels and then blotted onto nitrocellulose sheet (Bio-Rad). Antibodies against VEGF-A (1:2000; Santa Cruz Biotechnology), eNOS (1:1000; Santa Cruz Biotechnology), and FLK-1 (1:1000; US Biological) were used. After the immunoblots were washed, secondary antibody conjugated to horseradish peroxidase (Amersham Life Sciences) was added and developed using ECL detection kit (Amersham Life Sciences). As a protein loading control, membranes were stripped and incubated with a monoclonal antibody directed against total actin (1:5000; Sigma). Chemiluminescent signals were then acquired using a Fujifilm LAS-1000 imager and densitometric analyses were performed with ImageJ software (NIH).
Statistics
Results are expressed as meansϮSEM. Two-way ANOVA was used to compare each parameter. Post hoc Bonferroni's test comparisons were then performed to identify which group differences account for the significant overall ANOVA. Student's t test was used to compare hypoxic SHRs treated with or without VEGF-A-neutralizing antibody. A value of PϽ0.05 was considered significant.
Results
Effect of Hypoxia on Morphological Parameters
In WKY rats, hypoxia decreased the body weight by 30% compared to normoxic WKY rats (PϽ0.001, Table) . The heart-to-body weight ratio was raised by 20% in hypoxic WKY rats in reference to normoxic WKY rats (PϽ0.01), likely reflecting the lower body weight and the right ventricular hypertrophy associated with hypoxia. In SHRs, body weight was reduced by 40% under hypoxic condition (PϽ0.001), whereas the heart to body weight ratio was increased by 20% in hypoxic compared to normoxic SHRs (PϽ0.001). In both hypoxic and normoxic conditions, body weight was lower in SHRs compared to WKY rats (Table) . The heart-to-body weight ratio was higher by Ϸ20% in SHRs compared to WKY rats, regardless of the experimental conditions.
Effect of Hypoxia on Hemodynamic Parameters
We first assessed the effect of hypoxia on the development of hypertension in prehypertensive SHRs. Prehypertensive young SHRs, maintained under normoxic conditions, showed higher SBP than normoxic WKY rats, throughout the experiment ( Figure 1A ). In WKY rats, hypoxia tended to reduce SBP when compared to normoxic WKY rats; this difference reached significance after 3 weeks of hypoxia. In SHRs, after 3 weeks of exposure to hypoxia, SBP was lower by 26% in hypoxic SHRs compared to normoxic SHRs (PϽ0.05). Thereafter, SBP remained lower in hypoxic SHRs compared to normoxic SHRs and was similar to the SBP in normoxic WKY rats during the last 4 weeks of hypoxic period. Cardiac output was not affected by hypoxia in both WKY and SHR strains. Changes in SBP were thus associated with modifications in TPR. TPR was raised by 30% in normoxic SHRs compared to normoxic WKY rats (PϽ0.001). In hypoxic SHRs, TPR was reduced by 30% when compared to normoxic SHRs (PϽ0.001) and returned to WKY levels (Table) . In WKY rats, hypoxia tended to reduce TPR, but this difference did not reach statistical significance. Taken together, these results suggest that hypoxia decreased TPR, preventing the rise in SBP occurring in normoxic SHRs.
We next analyzed the effect of hypoxia in adult SHRs with established hypertension ( Figure 1B ). Interestingly, SBP in adult hypoxic SHRs was also reduced by 16% (PϽ0.001, versus normoxic SHRs) as early as 1 week of hypoxia, suggesting that hypoxia reversed hypertension in adult SHRs. In addition, after 8 weeks of hypoxia, return to normoxia was followed by increased SBP in both 5-and 12-week-old SHRs. Taken together, these results suggest that (1) hypoxia was able to prevent the raise in blood pressure levels or to reverse hypertension and (2) this hypoxia-related effect was transient and fully abrogated after return to normoxia.
Mechanisms of Hypoxia-Induced Reduction in SBP in SHRs
We next attempted to understand the molecular and cellular mechanisms associated with the hypoxia-induced prevention of hypertension development in young SHRs. Hypoxia is a well-known activator of angiogenesis. 13 We therefore analyzed the effect of hypoxia on blood vessel growth.
We first analyzed the density of vascular structure in the hindlimb of hypoxic and normoxic animals. Microangiog-raphy analysis indicated that arteriole (Ͼ200 m) density was similar in normoxic WKY rats and normoxic SHRs. In addition, hypoxia did not significantly modify arterial angiographic score in the hindlimb of WKY rats and SHRs (Figure 2A ). In parallel, arteriole density (measured in skeletal muscle histological sections) was similar in WKY rats and SHRs, regardless of the conditions ( Figure 2B ). In contrast, skeletal muscle capillary density was decreased by 30% in normoxic SHRs compared to normoxic WKY rats (PϽ0.01). Interestingly, hypoxia raised capillary density by 30% in both hypoxic SHRs and WKY rats compared to their normoxic control animals ( Figure 3A ). Capillary density in hypoxic SHRs was then similar to that in normoxic WKY rats.
We analyzed the effect of hypoxia in the left ventricle as well. We did not observe any significant changes in arteriole density in the left ventricle free wall from WKY rats and SHRs, regardless of the experimental conditions. In contrast, capillary density was lower in normoxic SHRs compared to normoxic WKY rats (PϽ0.05). Capillary density was in- creased by 20% in hypoxic SHRs compared to normoxic SHRs (PϽ0.001) and was similar to that of WKY rats. Finally, return to normoxia for 2 hours did not reverse the reduction in blood pressure observed in hypoxic SHRs ( Figure 4A ). This does not support a short-term effect of hypoxia-induced vasoactive substances (especially of VEGF, potent vasodilator peptide) but is, rather, in favor of an effect of the structure of the vascular network on blood pressure. Nevertheless, changes in blood pressure levels and capillary number were fast. Indeed, we performed additional experiments to analyze the capillary densities in SHRs maintained for 1 week in hypoxia followed or not by 1 additional week under normoxic conditions. We showed that 1 week of hypoxia decreased by 27% the blood pressure levels and increased capillary number by 1.4-fold in hypoxic SHRs compared to normoxic SHRs. Interestingly, these effects were blunted after return to normoxia for one week ( Figure  4B and 4C) . All together, these results suggest that hypoxia triggers angiogenesis within the skeletal muscles and the myocardium, indicating that hypoxia-induced increase in capillary density may reduce TPR and thus SBP in the SHRs.
It is also noteworthy that we did not observe any significant differences in the in vivo and in situ basal and sodium nitroprusside-induced maximal diameters of mesenteric arteries (80 to 150 m) in normoxic and hypoxic SHRs, suggesting that hypoxia did not affect the basal diameter of resistance arteries and did not modify their maximal dilation (absence of arteriole remodeling) ( Figure  I 
Molecular Mechanisms of Hypoxia-Induced Angiogenesis
We next sought to identify the molecular mechanisms involved in hypoxia-induced angiogenesis. We analyzed the regulations of key genes involved in hypoxia-induced angiogenesis, such as HIF-1␣, VEGF-A, its receptor Flk-1/KDR, and eNOS. 13 We did not observed any significant differences in HIF-1␣ mRNA levels in our experimental conditions ( Figure 5A and 5B). VEGF-A mRNA expression was reduced by 50% in the normoxic SHR hindlimb compared to normoxic WKY rats. Interestingly, hypoxia increased VEGF-A mRNA contents in both hindlimb and heart of hypoxic SHRs compared to normoxic SHRs (Figure 5A and 5B) . Similarly, Flk-1 mRNA levels were also upregulated in both hindlimb and heart of hypoxic SHRs compared to normoxic SHRs (Figure 5A and 5B) .
Changes in mRNA levels were associated with modifications in protein levels. VEGF-A protein levels were decreased by 54% and 43% in the hindlimb and heart, respectively, in normoxic SHRs compared to normoxic WKY rats ( Figure 6A and 6B) . Hypoxia increased VEGF-A content by 2.2-and 2.1-fold in the hindlimb and heart, respectively, of hypoxic SHRs compared to normoxic SHRs (PϽ0.01). Subsequently, VEGF-A protein levels in hypoxic SHRs returned to normoxic WKY levels. VEGF-A receptor Flk-1 protein contents were also reduced by 42% in the hindlimb of normoxic SHRs compared to normoxic WKY rats (PϽ0.01). Hypoxia upregulated Flk-1 contents by 2.4-fold in the hindlimb of hypoxic SHRs compared to normoxic SHRs (PϽ0.01). Subsequently, Flk-1 protein levels in hypoxic SHRs returned to normoxic WKY levels. In contrast, Flk-1 protein content in heart was similar between normoxic SHRs and normoxic WKY rats and was not modulated by hypoxia in SHRs. Finally, cotreatment with VEGF-A-neutralizing antibody fully abrogated the hypoxia-induced angiogenesis in young prehypertensive SHRs and restored high blood pressure levels in treated hypoxic SHRs (Figure 7) .
All together, our results underlined that VEGF-A/Flk-1related pathway is involved in hypoxia-induced angiogenesis in hypertensive animals.
Finally, eNOS protein levels were not modified by hypoxia in SHRs ( Figure 6A and 6B ).
Discussion
The main result of this study is that hypoxia blunts the development of hypertension in young prehypertensive SHRs and reverses hypertension in adult SHRs with established hypertension. Activation of VEGF-A-dependent angiogenesis plays a major role in these hypoxia-induced modifications of blood pressure levels. Several authors have previously assessed the effect of hypoxia on hemodynamic parameters in the SHRs. Most were interested by transient pulmonary hypertension. 19 Henley and Tucker reported that chronic hypoxia resulted in decrease systemic blood pressure in young SHRs. Although thyroid status was unchanged, the authors suggested that thyroid hormones may be involved in these hypoxia-related antihypertensive effect. 20 Alternatively, the lowering of the arterial pressure could depend on central effects of the hypoxia on the center of the arterial pressure regulation. 21 However, the effects of hypoxia on blood pressure are believed to result in sympathetic activity increase, leading to upregulation of blood pressure and heart rate. 22 Our results also show that hypoxia did not affect cardiac output but decreased TPR and subsequently blood pressure levels. Therefore, the mechanisms underlying the effect of hypoxia on blood pressure levels remained unresolved. It is widely admitted that microvascular rarefaction contributes to the increase of TPR in hypertension. 1 In support of this view, we suggest, in the present work, that changes in TPR are correlated with modifications of tissue capillary densities. Hence, hypoxia-induced increase in capillary density could reduce TPR and prevent the development of hypertension in SHRs or reduce blood pressure levels in established hypertensive SHRs. Therefore, changes in capillary density might be a key factor involved in the control of blood pressure levels. Previous studies support a primary role for capillary rarefaction in the development of hypertension. In human subjects, skin capillary rarefaction has been reported in normotensive young adults with a genetic propensity to develop high blood pressure. 6, 23 Microvascular rarefaction can be detected in patients with only mild or borderline hypertension 24 and progresses in parallel with the severity of hypertension. In addition, antihypertensive drug treatments increase capillary density in hypertensive subjects. 25 The effect of hypoxia on blood pressure levels is likely related to activation of VEGF-A-dependent angiogenesis. Hypoxia is a well-known stimulus for angiogenesis through activation of HIF-1 signaling. 13 Although increased levels of HIF-1␣ mRNA have been reported, most of the studies suggest that HIF-1␣ is mainly regulated at the translational or posttranslational levels. 26 However, HIF-1␣ protein contents rapidly undergo proteosomal degradation. 27 Accordingly, we did not find evidence of significant changes in HIF-1␣ mRNA levels. In contrast, we showed that hypoxia highly stimulates expression of HIF-1-related genes, VEGF-A, and its receptor, Flk-1. Previous reports on the influence of hypoxia on Flk-1 expression are controversial. 28 -31 Nevertheless, VEGF-A gene transfer restored Flk-1 mRNA levels in a rat sponge model, suggesting that hypoxiainduced VEGF-A upregulation may enhance Flk-1 contents. 32 Activation of VEGF-A-related pathways has been shown to promote endothelial cells migration, proliferation, survival, and proteolytic activity and may thereby activate angiogenesis. Interestingly, cotreatment with VEGF-A-neutralizing antibody blocked hypoxia-related effects on angiogenesis and blood pressure levels. It is also noteworthy that VEGF-A protein contents are reduced in normoxic SHRs compared to normoxic WKY rats, suggesting that the decrease in VEGF-A levels could be involved in capillary rarefaction in this setting. In addition, we and others have previously shown that antihypertensive agents, such as angiotensin-converting enzyme inhibitor, raise VEGF-A levels and promote angiogenesis. 33, 34 Finally, severe hypertension is more common (up to 38%) in patients with metastatic colorectal cancer with monoclonal antibody against VEGF-A. 35 We have recently reported that pharmacological blockade of VEGF with bevacizumab (VEGF antibody) in patients with colorectal cancer resulted in significant capillary rarefaction and parallel increase in blood pressure. Both changes were closely associated with and seemed at least partially responsible for the rise in arterial pressure. 36 All together, these results suggest that VEGF-Adependent angiogenesis controls blood pressure levels in adults.
However, we cannot preclude the hypothesis that part of the anti-VEGF antibody-related effects might be related to the multiple actions of VEGF-A on vascular function. In this view, VEGF-A induces endothelium-dependent vasodilatation in normotensive and hypertensive conditions. 37, 38 However, this hypotensive effect was only detected after acute infusion of VEGF-A (2 hours) or when high doses of VEGF-A were chronically infused (7 days). In an additional set of experiments, we observed that return to normoxia for 2 hours did not reverse the reduction in blood pressure observed in hypoxic SHRs, suggesting that changes in blood pressure were not associated with the acute vasoactive effects of VEGF-A but rather with its structural proangiogenic actions.
In conclusion, this study shows that hypoxia-induced angiogenesis prevents the microvascular rarefaction, which normally occurs in the course of hypertension and subsequently abrogates the hypertensive status in SHRs. Therefore, therapeutic strategies designed to improve tissue angiogenesis may affect blood pressure levels and may constitute a promising therapeutic avenue in the treatment of hypertension.
